Abstract-The photoexcitation dynamics in CH 3 NH 3 PbI 3 thin films has been studied by nanosecond time-resolved photoluminescence (PL) and transient photoinduced absorption. Under excitation intensity from ∼0.1 to ∼100 µJ/cm 2 , free carrier is the dominant photoexcitation species. However, in the intermediate excitation intensity from ∼1 to ∼10 µJ/cm 2 , a small fraction of photoexcitations are excitons, which, however, are responsible for PL within this excitation intensity range. The branching ratio between excitons and free carriers at 2 µJ/cm 2 was estimated to be 17%. Furthermore, the spectral narrowing PL was found at the low temperature after the formation of excitons, indicating that laser action could be due to excitonic emission. Our findings provide fundamental insights into the optical properties of organometal halide perovskites with direct implications for optoelectronics.
concerning the elementary photoexcitation species, particularly in the model perovskites, MAPbI 3 . The binding energies (E B ) of excitons in MAPbI 3 had been once reported in range from 20 to 50 meV [12] [13] [14] . Therefore, the photoluminescence (PL) had been considered to be due to excitons [15] . In addition, the SahaLangmuir equation was used to theoretically predict a phase transition from conducting electron-hole plasma to excitonic phase at thermal equilibrium with increasing excitation intensity [16] .
However, the much lower values of E B had been reported in more recent work [17] [18] [19] [20] . In a recent determination of E B in MAPbI 3 film using magnetoabsorption at very high magnetic fields, E B was reported to be 16 meV at low temperature, where the materials are in the perovskite orthorhombic phase; at room temperature (in the tetragonal phase), E B was measured to be only a few millielectronvolts [18] . In another analysis of the temperature-dependent absorption, it was concluded that E B ranges from 30 at 13 K to 6 meV at room temperature [19] . The lowest reported value of E B was estimated as 2 meV, based on the static dielectric constant being measured to be ∼70 [20] . Those recent measurements have been used to suggest that its PL and even lasing result from the bimolecular recombination of electron and holes [21] , [22] , and the transient photoinduced bleaching (PB) signal at the bandedge is also due to the band-filling effect of free carriers [23] . Aiming to solve the conflictions in the literature, Grancini et al. found that the fabrication procedures and morphology strongly influence electronic state of MAPbI 3 , namely, small grain size of MAPbI 3 crystalline (tens of nanometers) may not support exciton states even at low temperature, whereas, in hundreds of nanometersized domains, the exciton state can be formed relying on temperature and excitation intensities [24] . Thus, unlike transitional inorganic semiconductors such as GaAs and its organic counterparts such as π-conjugated polymers, one of the fundamental questions of the perovskite photophysics, namely, whether or not the excitonic states can be populated at room temperature, still remains unsolved, and furthermore, we need to know what the branching ratio between excitons and free carriers is if they coexist [25] . Therefore, despite the rapid advancement in solar cell fabrication and other optoelectronic applications, the fundamental understanding of the excited state properties of hybrid perovskites is still lacking, which, however, is imperative for further optimization of optoelectronic devices.
In this work, we used time-resolved PL and transient absorption (TA) with 20- 2 ), which are responsible for the PL within this excitation range. Moreover, the spectral narrowing PL was found in the low temperature after the formation of excitons, indicating that laser action could be due to excitonic effects.
II. EXPERIMENT

A. Sample Preparation
The methylammonium lead iodide (CH 3 NH 3 PbI 3 ) perovskite films were prepared with a similar procedure according to the previous reports [6] , [12] . All the procedure was completed in a nitrogen-filled glovebox with H 2 O and O 2 levels <1 ppm. Lead (II) iodide (PbI 2 ) (Sigma-Aldrich) was dissolved in anhydrous N,N-Dimethylformamide (Alfa Aesar) at a concentration of 460 mg/ml under stirring overnight at 70°C. The PbI 2 solution was kept at 70°C during the whole procedure. Prior to the film fabrication, the clean glass substrates were preheated at 70°C for 5 min and then spin-coated PbI 2 solution at 6500 r/min for 1 min. The films were dried for 30 min at 70°C. After cooling to room temperature, the films were dipped in a solution of 10 mg/ml of CH 3 NH 3 I (1-material) in anhydrous isopropanol (Alfa Aesar) for 40 s with a color change from yellow to dark brown and then rinsed with anhydrous isopropanol and dried at 100°C for 15 min. The thickness of films was about ∼250 nm. The typical scanning electron microscopy (SEM) figure of a MAPbI 3 thin film is shown in the inset of Fig. 1(b) . The sample displays a full surface coverage, and the grain size is in the order of 250 nm. Before the optical measurements, the sample films were left in the glovebox for several days in order to stabilize the material properties [4] .
B. Optical Measurements
For time-resolved PL measurements, the excitation pump was provided by a Q-switched Nd:YAG laser (532 nm, the pulse duration is about 7 ns with a repetition rate of 10 Hz). The excitation pump beam power was modulated using two variable polarizers. The laser beam was directed to the sample films in a cryostat under vacuum. Using backscattering geometry, the emission was collected into a 1-GHz Si amplified photodetector (or into an optics fiber coupled CCD spectrometer with a resolution of ∼1 nm). For nanosecond TA, the probe beam was provided by a continuous-wave (CW) diode laser at 760 nm. The pump and probe beams were overlapped on the sample films. The temporal evolution of ΔT, which was caused by pulsed pump beam, was recorded using the 1-GHz Si amplified photodetector. Finally, both signals of PL and ΔT were collected using a 1-GHz digital oscilloscope, which was synchronized with a trigger signal of the laser pulse from a fast Si photodiode. The system time resolution is about 20 ns. 
III. RESULTS AND DISCUSSION
The inset of Fig. 1(a) shows the absorbance spectrum of a MAPbI 3 thin film at room temperature. The lowest excitonic transition does not present itself in clarity as it does in lowtemperature absorption spectrum as a peak (∼1.65 eV) at the absorption edge [16] , [21] . However, even the appearance of excitonic signatures in linear absorbance spectrum does not necessarily imply the population of excitonic states, in particular when the optical excitation is nonresonant with the exciton energy [26] . In Fig. 1(a) , we show normalized PB kinetic profiles at 760 nm, which is the peak of the well-studied PB band in transient photoinduced absorption spectroscopy, at various pump intensities [23] . The films were stable during the whole measurements. It is in clarity that the recombination rate increases with the increase of pump intensity. For the striking linearity of (ΔT /T ) −1 as a function of time is shown in Fig. 1(b) , we conclude that the recombination proceeds basically by bimolecular mechanism over the entire range of pump intensity [23] . Linearity between (ΔT /T ) −1 and the time lasting to 1 μs reveals that recombination through trap states is minimal in those perovskite films even within 1-μs time region [23] .
To confirm our finding, the magnitude of PB signal as the function of excitation intensities at various delay times was summarized in Fig. 1(c) . In general, all signals at various time increased sublinearly with excitation intensities from ∼0.1 to ∼100 μJ/cm 2 (ΔT /T ∝ I α , where α < 1), which suggests that the bimolecular recombination is dominant on the time scale from 50 ns to about 1 μs. In detail, we present the fitting line below 1 μJ/cm 2 , where the value of α is about 0.75, and above 50 μJ/cm 2 , where α is about 0.5. To our surprise, the value of α does not change monotonically with increased intensity, where between 1 and 10 μJ/cm 2 , α is about 0.42 (not shown). The similar phenomena were observed for all other delay times [shown in Fig. 1(c) ]. The "S" like ΔT /T dependent on pump intensity suggests there is an additional loss channel, with the excitation intensity beginning around 1 μJ/cm 2 , which we will discuss later. Fig. 2(a) shows the PL spectra of a MAPbI 3 thin film at room temperature with different excitation intensities. The PL intensities were normalized to the peak value for comparison. The peaks are all at ∼760 nm, and the features of the spectra are independent on the excitation intensity. Therefore, we did not observe lasing action at room temperature using nanosecond laser with intensity up to 100 μJ/cm 2 . The PL with a CW laser excitation was also shown in Fig. 2(a) for completeness. According to the microscopic theory treating Coulomb interacting electrons and holes [27] , the excitons and electron-hole plasma could share the same spectral position. Therefore, Fig. 2(a) cannot be used to prove that the PL comes from the same species of photoexcitation excited by CW and pulsed laser at different intensities [27] . Fig. 2(b) reports the PL decay dynamics under different excitation intensities ranging from 0.10 to 100 μJ/cm 2 . After filtering out excitation laser pulse carefully, proper neutral density filters were put before the photodetector to ensure that the system works in the range of linear operation. Under the excitation intensities less than ∼5 μJ/cm 2 , the PL dynamics decay faster with the increasing excitation intensities. Above ∼5 μJ/cm 2 , the PL dynamics fairly does not change, which, however, would be due to the system resolution. Fig. 3(a) summarizes the effective PL lifetimes below the excitation intensity of 2 μJ/cm 2 . The effective PL lifetime (t 1/e ) is defined as the time (in nanoseconds) needed for the initial value I(0) to decay to 1/e of it. The lifetime is perfectly fitted by a function of ∼I −1 up to 1 μJ/cm 2 , indicating that the density of photoinduced charge carriers is much larger than the carrier density from unintentional doping under weak excitations. Therefore, the rate equation can be simply written as dn/dt = −Bn 2 with the photoexcitaion intensity smaller than 1 μJ/cm 2 , where n and B stand for the photoexcited carriers density and the electron-hole radiative recombination coefficient, respectively. Then, the effective PL lifetime can be written as t 1/e = 1/(A + Bn 0 ) [22] , where n 0 is the photoexcitation intensity just after excitation. Considering the absorption coefficient at 532 nm of about 10 μm −1 [28] , the density of photoinduced carriers is estimated to be 10 17 cm −3 at the excitation intensity of 1 μJ/cm 2 , which is also consistent with the estimation in [23] . Then, we can obtain A = 1.6 × 10 7 s
and B = 4.1 × 10 −10 s −1 · cm 3 , which are comparable with the values in [22] . At the same time, we present the dependence on the excitation intensity of the temporal-integrated PL intensity (TIPL) and the normalized PL quantum yield (NQY) in Fig. 3(b) . The PL quantum yield is calculated as TIPL/Φ, where Φ is the excitation intensity. The TIPL grows quadratically at the beginning (below ∼1 μJ/cm 2 ). Correspondingly, the NQY grows monotonically in the same excitation intensity region, indicating that radiative bimolecular recombination rate increases with the increase of the photoexcitation population. This result proves that the origin of the PL is a radiative bimolecular recombination involving free electrons and holes below ∼1 μJ/cm 2 , which is consistent with the conclusions in [22] . Ranging from ∼1 to ∼10 μJ/cm 2 , however, the TIPL grows linearly, before showing some saturation at higher intensities. This is conflict with the conclusion from Fig. 1 , from which the unbounded electrons and holes are concluded to be photoexcitations up to 100 μJ/cm 2 . There are two mechanisms to explain the linear dependence on the excitation intensity of PL. First is the radiative recombination of photoexcited carriers and unintentionally doped carriers. However, this possibility is readily removed because this recombination mechanism happens under weak excitation (∼10 nJ/ cm 2 ) [22] . The second possibility is interplay between the bimolecular radiative process and the nonradiative Auger progress, as suggested in [21] . However, we notice that the pulse influence for changing from bimolecular recombination to monomolecular recombination is at 1 μJ/cm 2 , where the injected carrier density is about 1 × 10 17 cm −3 . Even without considering the carrier diffusion and recombination during the pulse duration, the injected carrier density is one order of smaller than the density needed for clear demonstration of Auger re-combination (5 × 10 18 cm −3 according to [29] ). Furthermore, in ultrafast spectroscopy [23] , the recombination through Auger processes is not important even the density of inject carriers is as high as 10 19 cm −3 ; corresponding excitation intensity is in the order of 100 μJ/cm 2 . In addition, the laser action happened at ∼10 μJ/cm 2 using femtosecond laser at room temperature, which would be impossible if the Auger process becomes important at excitation intensity of one order smaller [10] . Therefore, we conclude that the Auger process cannot be used to explain the linear dependence of input and output within 1-10 μJ/cm 2 . Our results could be explained by the formation of excitons at the excitation intensity ranging from ∼1 to ∼10 μJ/cm 2 . According to the microscopic theory of excitonic formation [26] , a small fraction of photoexcitation could form excitons that are responsible to the PL, whereas the main part of photoexcitations is still free carriers at proper densities. Our observation is also in qualitative agreement with theoretical studies on exciton formation in quantum nanostructures [27] , in which exciton formation after nonresonant excitation would be most efficient at intermediate densities. At low intensities, the probability for an electronhole pair to meet and to form an exciton is too small, whereas at higher intensities (>10 μJ/cm 2 here), it could be hampered by nonlinear effects such screening effects of Coulomb interaction, phase space effects, and phonon scattering [30] [31] [32] [33] . 1 This may explain the sublinearly increasing of TIPL with the excitation intensity above >10 μJ/cm 2 . However, another possibility is that the excitons may dissociate to be electron-hole plasma, which suffers the nonradiative recombination loss at high density, in particular at room temperature. To discern those two processes, the time-resolved measurements with better temporal resolution will be needed.
Here, we revisit Fig. 1(c) , where the excitation-intensitydependent emission shows "S" curve profile. Our measurement suggests that there is an additional fast recombination channel when excitation intensity is in the range of 1-10 μJ/cm 2 . We attribute this additional recombination channel to be directly photogenerated excitons, which recombine faster than free carriers (within 50 ps), and therefore, fewer free carriers are detected in the time region of tens of nanosecond [25] , [34] . Although the branching ratio between excitons and carriers is dependent on the carrier density at a given temperature, and the detail analysis of relation between excitons and carriers is out of the scope of current work, we still could estimate the branching ratio at a specific excitation intensity as follows: In Fig. 1(d) , two power law functions (solid lines) were independently used to describe the relation between ΔT /T and pump intensity ranging from 0.3 to 2 μJ/cm 2 (ΔT /T low ) and 2 to 5 μJ/cm 2 (ΔT /T high ), respectively. The branching ra- tio between excitons and free carriers at 2 μJ/cm 2 was then defined to be
where ΔT /T low is the change of transmission assuming without formation of exciton, and ΔT /T high with the formation of exciton, at the same pump intensities. Then, η is 16%, 20%, 17%, 18%, and 16% for 50, 100, 200, 400, and 800 ns, respectively. Therefore, we estimate that the fraction of excitons is about (17 ± 1)% at 2 μJ/cm 2 . We extended PL dynamic measurements to the low temperature of 170 K, which is above the phase transition at 160 K [35] . Fig. 4 compares the TIPL as a function of excitation intensity at the temperatures of 170 and 300 K, respectively. Under low excitation intensity below ∼1 μJ/cm 2 , although the quantum efficiency of PL at 170 K is higher than that at 300 K, the TIPL grows quadratically below ∼1 μJ/cm 2 for both temperatures. Therefore, the recombination mechanism at 170 K is bimolecular, which is the same with 300 K at low excitation intensity. Between ∼1 and ∼10 μJ/cm 2 , the TIPL at 170 K depends on excitation intensity linearly too. Using higher excitation intensity up to ∼100 μJ/cm 2 , we observed the superlinear relationship between excitation intensity and PL at 170 K. At the same time, the PL spectrum (shown in the inset of Fig. 4 ) began to show clear spectral narrowing at an excitation intensity of 100 μJ/cm 2 at 170 K. We observed the amplified spontaneous emission (ASE) spectrum at 140 μJ/cm 2 ; however, the ASE spectrum was not stable because the film began to decay at this intense excitation intensity. Because the laser action happens after the formation of excitons, we conclude that the laser action in MAPbI 3 results from excitons rather than electron-hole plasma at high excitation intensity if the population of exciton can be built up.
IV. CONCLUSION
We have used nanosecond time-resolved PL and TA spectroscopy to study the recombination dynamics of photoinduced charge carriers and excitons in MAPbI 3 thin films. Under all excitation intensities ranging from ∼0.1 to ∼100 μJ/cm 2 , the free carriers involving electrons and holes are dominant photoexcitation species. However, in the intermediate excitation intensity from ∼1 to ∼10 μJ/cm 2 , there is an additional recombination channel due to the formation of excitions that are responsible for the PL. We estimated that the fraction of exciton is roughly 17% at 2 μJ/cm 2 . Moreover, we extended PL measurements to the low temperatures. We found that the PL intensities have a superlinear relationship with excitations, and PL spectra also have clear spectral narrowing at high excitation intensities, indicating that the excitons are easily populated at low temperatures. It also suggests that the laser effect results from excitons rather than electron-hole plasma. Our findings provide fundamental insights into the optical process of the hybrid organometal halide perovskites, and we hope such insights will be helpful in improving the performance of relavent optoelectronic devices.
